Lamb wave assessment of fiber volume fraction in composites
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Among the various techniques available, ultrasonic Lamb waves offer a convenient method of
examining composite materials. Since the Lamb wave velocity depends on the elastic properties of
a material, an effective tool exists to evaluate composites by measuring the velocity of these waves.
Lamb waves can propagate over long distances and are sensitive to the desired in-plane elastic
properties of the material. This paper discusses a study in which Lamb waves were used to examine
fiber volume fraction variations of approximately 0.40—0.70 in composites. The Lamb wave
measurements were compared to fiber volume fractions obtained from acid digestion tests.
Additionally, a model to predict the fiber volume fraction from Lamb wave velocity values was
evaluated. ©1998 Acoustical Society of Amerid&50001-4968)03809-(

PACS numbers: 43.35.4¢EB]

INTRODUCTION to monitor composites by measuring the velocity of these
waves. Additionally, Lamb wave measurements are better
Manufacturing anomalies such as porosity, fiber mis-than conventional through-the-thickness ultrasonic measure-
alignment, and low fiber volume fraction can all degrade thements because they can propagate over long distances and
performance of composite materials. Mechanical testing byre sensitive to the desired in-plane elastic properties of the
Ghiorsé and Olstef have shown that the strength and modu-material.
lus of composites exhibit a significant decrease due to poros- The following sections describe an experimental study
ity. The most widely used procedure for determining the fi-which uses Lamb waves to nondestructively assess fiber vol-
ber volume fraction and porosity content of a composite isume fraction in composites. Previous studies by Balasubra-
chemical digestion. This method is destructive, only providesnaniam and Ro$& successfully used higher order Lamb
a local measurement, and produces toxic waste which remodes to investigate both porosity and fiber volume fraction.
quires disposal. Thus developing a nondestructive means df this work, the velocity of the extensional mode is mea-
characterizing composites in order to assure the quality o$ured for composite samples with various fiber volume frac-
the product being produced would be useful. tions. The results are also related to a model and the model is
In past studies, thermal diffusivity measurements haveused to predict the fiber volume fraction from the velocity
shown some promise in determining porosftand fiber vol-  measurements.
ume fraction*® Eddy current measuremefitsave been used
to measure fiber volume fraction in metal matrix compositesI SAMPLES
and radiographyhas been used in an effort to measure po-
rosity. Although these techniques show promise, ultrasonics The composite samples studied were T300/934 carbon/
is one of the most widely accepted nondestructive techniquegpoxy with stacking sequences [pd/90],s and [0/90]gs.
used to measure fiber volume fraction and porosity. Ultra-The fiber volume fractions had values ranging from approxi-
sonic attenuation measurements have been used to measonately 0.40 to 0.70. The samples were cured in a mechanical
porosity”® and fiber volume fractiohand the variation of press in an attempt to achieve consistent thickness. In order
ultrasonic velocity(longitudinal and/or transversaith both  to attain 0.65 and 0.70 fiber volume fractions, the plies for
porosity* 1%~ and fiber volume fractich''~*3has been ex- these samples were prebled prior to final curing. The samples
amined. were cut from a 30.5-cnx 30.5-cm plate and had dimen-
Ultrasonic Lamb waves have also been used to investisions of 15.2 cm by 15.2 cm. The thicknesses, obtained by
gate porosity~*°as well as fiber volume fractiolf:'*Lamb  averaging ten measurements for each sample, decreased with
waves offer a convenient method of evaluating these comincreasing fiber volume fraction. Specimens were taken in
posite materials. Since the Lamb wave velocity depends othree different areas of the large plate and chemical digestion
the material properties of a structure, an effective tool exist¢ests were done to determine the average fiber volume frac-
tion. According to ASTM standard€, the values for fiber
dCurrent address: NASA Langley Research Center, Mail Stop 231, Hamp\-/OIUme, fraction obtained from digestion t,eSting are accurate
ton, VA 23681. to within 2%. The results for the destructive tests are shown
YArmy Research Lab, Vehicle Technology Center. in Table 1.




TABLE I. Destructive test results to determine fiber volume fractieviF). Q:’ll: m4Q11+ n4Q22+ Zmzan12+ 4mzan66

Sample Layers Target FVF  Destructive FVF  Thicknéssn)

Q2= N*Q11+ M* Qo+ 2M?N?Q1+ 4M?n?Qgg, 5
40-1 16 0.40 0.380 2.00
50-1 16 0.50 0.529 1.78 Q},=m?n?Qy;+ M?n?Q,+ (M*+n*)Q1,— 4m?n?Qgg,
60-1 16 0.60 0.590 1.57
65-1 16 0.65 0.659 1.35 where m=cos(@) and n=sin(¢). The angled is defined as
70-1 16 0.70 0.690 1.35 positive for a counterclockwise rotation from the primed
gg:g g; 8"5‘8 g'g?g g'ig (laminatg axes to the unprimedindividual laming axes.
60-2 32 0.60 0.580 3.40 From Eq.(5), theQj; for the 0° and 90° laminas are given by
65-2 32 0.65 0.660 2.72 , ,
70-2 32 0.70 0.690 272 (Q10 deg™Q11,  (Q11)90 deg= Q22

(Q22)0 deg™Q22:  (Q2) 00 deg=Q11- (6)

Il. LAMB WAVE MODEL (Q12)0 deg=Q12:  (Q12o0 deg= Qua-

For a laminated composite with the 1-axis defined as the  The velocity of the extensional plate mode can be re-
fiber direction, the 2-axis transverse to the fibers, and théated to the in-plane stiffness of a composiéor propaga-
3-axis being out of the plane of the plate, the stress—straition in the 0° and 90° directions, these stiffnessesgreand

relationship in an individual lamina is given By Ao, respectively. The extensional plate mode velocity is
related to the stiffness BY
o1 Qll Ql2 0 €1 A11
02|={ Qw2 Qx 0 || e, (1) v1= NV on (7)
76 0 O Qegll7s

for propagation in the 0° direction and by

spectively, ande and y represent the normal and shear
strains, respectively. Th@;; are the reduced stiffness com-

ponents and are defined in terms of the engineering paranor propagation in the 90° direction. The values for the in-

where o and 7 represent the normal and shear stresses, re- Ay
— /= 8
U2 ph ( )

eters a¥’ plane stiffnesse#\;; and A,, can be calculated using Egs.
(2)—(6) if the engineering stiffnesses of the composite are
Qui=E /(1—vyovsy), known. If the densityp, and overall thickness of the plate,
are known as well, then the extensional mode velocity in the
Qo=E,/(1— vy5v5), ) 0° and 90° directions can be computed using E@s.and
(8).
Qo= 1B /(1= vivyy), The effect of fiber volume fraction on composite lamina

parameters can be derived from a simple rule of mixtures

whereE, andE, are the Young’s moduli in the longitudinal &PProach. The density takes the féfm

and transverse Qirections, respeqtively, ang gnd v are p=piVi+ prVin 9)
the major and minor Poisson'’s ratios, respectively. The Pois- . .

son’s ratios in Eq(2) are not independent quantities and areand the elastic constants are giverttby

related to each other B/

Ei=E1iVitEnVm, (10
E, EnE
Vo= — Vqo. 3 - —m=2r
2T V12 (€©)) E, E,V, TEV,’ (11
The in-plane stiffnesses for the entire plafe,; and v12= V1oVt vV, (12)

A,,, are obtained by integrating th@;; through the thick-

. ! wherep is the densityE, and E, are the longitudinal and
ness of the plate. These stiffness values are defin€d as P Y= 2 d

transverse moduli, respectively;, is Poisson’s ratioV; is

hio the fibe_zr fraction, an®/, is the m_atrix fraction. _Thé andm _
A”:f (Qi'j)k dz, i,j=1,2, (4) subscnpt; represen_t the constltuent_ _prope_rtles of the f|ber

h/2 and matrix, respectively, and quantities without subscripts
represent the composite lamina properties.

whereh is the plate thickness and the subsckpepresents In order to predict the composite properties as a function

each lamina. TheQi’j are the transformed stiffness coeffi- of fiber volume, the properties of the fiber and matrix must

cients which take into account the orientation of each plybe obtained. The elastic modulus of the matrix was obtained

with respect to the wave propagation direction and are defrom the manufacturét and the density and Poisson’s ratio

fined ag® were estimated using common matrix values found in



TABLE Il. Composite material properties. LeCroy Digitizing Scope

Material p (kg/n?) E, (GP3 E, (GPa i Ch. 1 Ch. 2
Matrix 122¢° 414 414 0.35 . ‘ .
Fibef 1770 220.6 13.79 0.20 | Ampllﬁerl l Amphﬁer|

3 stimated from common matrix values found in Ref. 20.
PReference 21. Lead Break

‘Reference 20. on Edge
/ O ¥ Sensors,

Chamis?® The fiber properties were obtained from Chafflis. O

The various values used in the model are compiled in Table ‘—’|‘—"“’|5.1 om 51 om

N

The material parameters as a function of fiber volume
fraction were calculated using Eq®)—(12) and the values
listed in Table Il. From these values, the reduced stiffnesses

for an individual lamina,Q;;, were calculated using Egs. signals from the transducers were amplified with Tektronix
(2)—(3). The in-plane stiffnesses for the laminage,, and  Am 502 differential amplifiers and recorded on a LeCroy
Ay, were then computed using Eqel)—(6). Finally, the  model 9420 digital oscilloscope. A schematic of the experi-
extensional mode velocity as a function of fiber volume frac-mental setup is shown in Fig. 2.

tion was determined from Eq¢7) to (8). Due to the archi- The time differences were measured by imposing a de-
tecture of the laminates, the velocity in the 90° direction isjqy on the first signal to overlap the signal received at a
identical to the velocity in the 0° direction. Also, since the greater distance. The small thickness of the plates combined
in-plane stiffnessA;; , is dependent on the thickness of the with the low-frequency Lamb wave yielded frequency-
sample, the Lamb wave velocity is independent of samplenjckness products between 0.3 and 0.7 Mim. In this
thickness because the thickness term is canceled by the faggion, only thes, andA, modes propagat@ee Fig. 1 The

tor of h in the denominator of Eqg7)—(8). Therefore, the |eading part of the wave was identified as the extensional
calculated VeIOCity as a function of fiber volume fraction iSWave, which is not very dispersive. The trai“ng portion of
representative for both the 16-ply and 32-ply samples as wethe signals contained the dispersive flexural wave which was

FIG. 2. Schematic showing source and receiver locations.

as for propagation in the 0° and 90° directions. clearly separated from the extensional mode. The separation
distance between the two receiving transducers was mea-
. LAMB WAVE MEASUREMENTS sured using a ruler and held fixed at 5.1 cm. Using the dis-

A 0.5-mm pencil lead breaftisu-Neilsen sourdeon the ~ tance and time values, the velocity of tSgmode was mea-
edge of the samples was used to excite Lamb modes in tH/réd in both the 0° and 90° directions. The final value for
sample over a broad range of frequencies. Breaking the ledff€ velocity in each direction was obtained from the average
on the edge of the plate will tend to excite extensional modéf three measurements. _

(S,) due to the fact that this mode is dominated by in-plane  The results of the Lamb wave velocity measurements for
motion2® A typical signal for a lead break on the edge of a the 16-layer samples are plotted as a function of the destruc-
composite is shown in Fig. 1. As can be seen from the figureliVely obtained fiber volume fraction in Fig. 3. Also shown in
the first arrival is the faster, nondispersive extensional modghe figure is the predicted Lamb wave velocity as a function
followed by the slower, dispersive flexural mode. of fiber volume fraction obtained from the model. The results

The signals were received by two Panametrics modefor the 32-layer samples are shown in Fig. 4. The error bars
V103 1.3-cm-diam transducers with a nominal center frefepresent the variation in the velocity measurements for each
quency of 1.0 MHz. The transducers were placed at distancémple. The standard deviation for most of the specimens
of 5.1 cm and 10.2 cm from the lead break and a coupling
gel was used between the transducers and the plate. The 3
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FIG. 4. Lamb wave velocity measurements in the€slid circleg and 90° FIG. 6. Fiber volume fraction predicted using Lamb wave velocity measure-

(open trianglesdirections for the 32-layer samples. Also shown is the nu- ments in the 0¥solid circleg and 90°(open trianglekdirections compared
merically predicteds, mode velocity(solid line). to destructively obtained fiber volume fraction. Data are for 32-layer
samples and the solid line represents an exact fit.

was less than 4% from the average of the three measurge calculated using EqéZ)—(8). From the values of\;; and
ments. A,,, the fiber volume fraction can be backed out using Egs.
Several interesting features are seen in the figures. Firs@)_(e) and Egs.(9)—(12). The results for the 16-layer
the increase of the Lamb wave velocity with fiber volumesamp|es are shown in Fig. 5 and the results for the 32-layer
fraction for both the 16-layer and 32-layer samples is quitesamples are shown in Fig. 6. The fiber volume fraction pre-
dramatic. The increase in velocity from the 0.40 fiber volumegicted by the Lamb wave velocity measurements correlates
fraction sample to the 0.70 fiber volume fraction sample isyell with the values obtained from the destructive tests. As
on the order of 15%. Second, due to the geometry of thenentioned above, the deviations seen are probably due to
samples, the velocity in the 0° and 90° directions are verystimating the material properties of the system as well as
similar. This is expected because the model predicts the vgnanufacturing variations in the measured samples.
locities to be identical. Finally, the experimental velocities In addition to the Lamb wave velocity measurements,
are very close to those predicted by the model. The discrepne frequency content of th&, mode was also examined as
ancies are probably due to the fact that the material propety function of fiber volume fraction. The average frequency
ties used in the model were values taken from the literatur&rom four measurements is shown in Fig. 7 for both the
As properties of composites may vary significantly depend4g-jayer and the 32-layer samples. The frequency of propa-
ing on cure conditions and variations in resin chemistry, theyation is higher for the thin plates and the frequency in-
discrepancy between the actual material parameters of thgeases with increasing fiber volume fraction for both the
manufactured composite and nominal values obtained frorghick and the thin plates. This shift toward higher frequencies
literature is not unexpected. Additionally, as stated earlieryjth increasing fiber fraction was demonstrated by Bala-
there is up to a 2% error associated with the determination qubramaniam and Rolgéor h|gher order Lamb modes. Thus
fiber volume fraction from chemical digestidhTherefore, the frequency content as well as the Lamb wave velocity can

the destructively obtained fiber volume fraction reported hergyrovide useful information in characterizing the fiber volume
may have some inaccuracies due to the measurement tediaction of composites.

nique.
An alternate way of presenting the Lamb wave data is tqQy, concLUSION
use the velocity measurements to predict the fiber volume

fraction. If the velocity is known, the in-plane stiffness can ~ The Lamb wave velocity measurements in this study
were conducted at long wavelengths. This was done for sev-

eral reasons. First, if the wavelength is large compared to the
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ments in the 09solid circles and 90°(open trianglesdirections compared
to destructively obtained fiber volume fraction. Data are for 16-layerFIG. 7. Frequency versus fiber volume fraction for the 16-lagsmiid
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